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Effect of substrate misorientation on the growth of GaxIn12xP lateral
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We report the effects of misoriented GaAs substrates and varied substrate temperatures on the
formation of GaxIn12xP lateral quantum wells ~LQWs! by the strain-induced lateral-layer ordering
~SILO! process. Nominally @001# GaAs on-axis substrates, @001# substrates cut 2° off toward the
@110# direction, and @001# substrates cut 2° off toward the @1¯10# direction were used to
simultaneously grow LQWs. The samples were characterized using plan-view and cross-sectional
transmission electron microscopy and polarized photoluminescence spectroscopy. We found that
regardless of the substrate misorientation or substrate growth temperature, the SILO process induced
LQWs always formed along the @1¯10# direction; primarily determined by the direction of the
group-V dimer bonds on the surface during growth. © 1995 American Institute of Physics.The growth of high quality, uniform epitaxial layers is
important to achieve good device performance, particularly
in lasers. In many III-V ternary alloys, inhomogeneities have
been found in layers which are caused not by poor growth
conditions but rather the thermodynamic properties of the
alloys themselves. Under certain growth conditions long-
range ordering is known to occur. CuPt type ordering has
been observed in GaInP grown by both metalorganic chemi-
cal vapor deposition and molecular beam epitaxy ~MBE!.1–3
The spontaneous ordering is known to lower the bandgap
energy by as much as 90 meV.2
Another type of long range ordering has been discovered
recently: strain-induced lateral-layer ordering ~SILO!, in the
GaInP/GaAs and GaInAs/InP material systems.4 A composi-
tion modulation along the @110# direction was observed when
(GaP!n /(InP)n or (GaAs)n /~InAs!n short-period superlat-
tices ~SPSs! were grown on ~001!-oriented on-axis sub-
strates. The @110# direction lateral composition modulation
has a period as small as 200 Å and a composition variation
as large as 25%.5 Because of this composition modulation,
they form lateral quantum wells ~LQWs! along the @110#
direction, perpendicular to the growth direction. The major
driving force for this composition modulation is the induced
strain due to the deviation from lattice matched conditions
within the SPS layers.4 Figure 1 shows a schematic diagram
of the GaxIn12xP LQWs along with the corresponding con-
duction band diagram.6 The quantum confinement obtained
from the in situ growth of LQWs may be coupled with a
second dimension of quantum confinement along the @001#
growth direction to produce quantum wires. This has been
successfully shown to be the first step towards creating quan-
tum devices with two dimensions of confinement.6–8 The
SILO method is completely in situ, which avoids all possible
processing related damage as well as creating damage free
interfaces. GaxIn12xP LQWs with densities as high as 5
3105 cm21 along the @110# direction and average LQW
lengths of up to 3000 Å along the @1¯10# direction have been
typically observed.7,9 However, the dimensions of the LQWs
grown on the on-axis substrates are not completely uniform.
One way to improve the uniformity of atomic arrangements2694 Appl. Phys. Lett. 66 (20), 15 May 1995 0003-6951
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to Aon semiconductor surfaces is to use misoriented substrates. It
was observed that well-defined fractional-layer superlattices
can be obtained on misoriented substrates.10 In this paper, we
investigate the effects of off-axis substrates and varied sub-
strate temperatures on the quality of LQWs grown by the
SILO process.
The GaxIn12xP LQW structure were grown by gas
source molecular beam epitaxy. The system utilizes elemen-
tal Ga and In for the group-III fluxes and P2 thermally
cracked from PH3 for the group-V flux. Reflection high en-
ergy electron diffraction intensity oscillations were used to
calibrate both the In and Ga fluxes. Epi-ready GaAs sub-
strates were first heated under an arsenic overpressure to
600 °C to desorb the passivating oxide. The substrate tem-
perature was then lowered to the growth temperature of the
LQW structure. A phosphine flow rate of 2.5 sccm was used
to maintain a growth chamber pressure of 331026 torr
FIG. 1. Schematic diagram of GaxIn12xP lateral quantum wells consisting
of ~GaP!2 /~InP!2 short-period superlattices grown using the SILO process.
The laterally ordered GaxIn12xP forms with a composition modulation along
the @110# direction creating confinement along this direction. Typical modu-
lation periods of 200 Å are observed./95/66(20)/2694/3/$6.00 © 1995 American Institute of Physics
IP license or copyright; see http://apl.aip.org/about/rights_and_permissions
during growth. Eighty pairs of ~GaP!2 /~InP!2 SPS were
grown simultaneously on nominally @001# on-axis GaAs sub-
strates, @001# substrates cut 2° off toward the @110# direction
~A type!, and @001# substrates cut 2° off toward @1¯10# direc-
tion ~B type! to form LQWs. Each set of three substrates
with different misorientations were mounted together on a
molybdenum block using In solder. A total of three sets of
samples were grown, each with a different substrate tempera-
ture of 500, 520, or 540 °C. This substrate temperature range
was chosen because it is within the regime where MBE
grown GaxIn12xP has its highest luminescence properties.
These growth conditions have also been used to prepare
GaxIn12xP quantum wire heterostructure lasers.6,8
Samples were characterized by cross-sectional transmis-
sion electron microscopy ~TEM!, plan-view TEM, photolu-
minescence ~PL! spectroscopy, and polarized photolumines-
cence ~PPL! spectroscopy. The TEM images were obtained
using a Phillips CM-12 electron microscope and standard
preparation techniques. 77 K PL and PPL measurements
were performed using an evacuated cold finger type cryostat
with the 5145 Å line from an Ar ion laser as the excitation
source. The signal was captured using a 0.5 m focal length
grating spectrometer and detected with a thermoelectrically
cooled GaAs photocathode photomultiplier tube using the
photon counting technique. For the polarization measure-
ments, the incident laser beam was polarized parallel to the
@110# direction of the samples and an analyzer was oriented
either perpendicular or parallel to the incident beam. The
polarization analyzer was located near the entrance slit of the
spectrometer. A depolarizer was placed after the polarization
analyzer in order to remove any anisotropic effects of the
grating.
Figure 2 shows the bright field @1¯10# cross-sectional
FIG. 2. Bright field cross-sectional transmission electron micrographs along
the @1¯10# cross sections of ~GaP!2 /~InP!2 short-period superlattices forming
lateral quantum wells. The composition modulation seen as the dark ~Ga
rich region! and light ~In rich region! fringes provide the lateral confine-
ment. Samples were grown at 500, 520, and 540 °C on ~100! on-axis, A-type
~2° tilted toward @110#!, and B-type ~2° tilted toward @1¯10#! oriented sub-
strates.Appl. Phys. Lett., Vol. 66, No. 20, 15 May 1995
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oriented substrates at the various substrate temperatures. In
all samples, the cross-sectional TEM images show a strong
composition modulation in the @1¯10# cross section, indicated
by the bright ~In-rich! and dark ~Ga-rich! fringes, and a uni-
form composition in the @110# cross section ~not shown!.
Samples grown on the A-type misoriented substrates show
LQW formation parallel to the step edges and samples grown
on the B-type misoriented substrates display LQWs perpen-
dicular to the step edges. These images indicate that the
LQWs are all formed along the @1¯10# direction independent
of the substrate misorientation or substrate temperature. On
vicinal substrates, the extra step edges provide nucleation
sites for Ga and In atoms located within a diffusion length of
the step and bond via step-flow growth. It was found that
step-flow growth occurs more easily on B-type misoriented
substrates than on A-type substrates.10 As a consequence, the
results presented here indicate that step flow growth did not
occur. In order to explain the experimental results in Fig. 2,
we must consider the surface atomic arrangement during
growth. It has been determined that during growth, elongated
island formation occurs along the @1¯10# direction on an As-
stabilized GaAs ~001! surface. This is due to the minimal
backbonding strain by having the dimers aligned along the
@110# direction.11 Growth of the individual GaP and InP lay-
ers of the SPS occur under a similar group-V rich
P-stabilized surface structure. The SPS layers should exhibit
similar surface structures under a P-stabilized surface as
GaAs does under an As-stabilized surface; hence during
growth, island formation also occurs along the @1¯10# direc-
tion. This natural island formation will cause the LQWs to
form along the @1¯10# direction under these growth condi-
tions, regardless of the substrate misorientation.
The period of the lateral composition modulation be-
tween the Ga-rich and In-rich regions of the
GaxIn12xP SPS structures, which form the LQWs, can also
be examined from the cross-sectional TEM image of Fig. 2.
It can be seen that the periodicity of the LQWs increases
with increasing growth temperature. This effect is caused by
an enhanced adatom ~In or Ga! surface mobility at higher
substrate temperatures. The high temperature promotes the
Ga/In segregation on the surface which creates a larger com-
position modulation and a greater periodic variation. How-
ever, the longitudinal dimension of the LQWs is not signifi-
cantly affected, as can be seen from the plan-view TEM
images. A set of plan-view images of a LQW sample grown
at 540 °C is shown in Fig. 3. All 9 samples exhibited similar
images with average LQW lengths of 3000 Å.
As we have shown in previous studies, the LQWs
formed by the SILO process have a composition modulation
along the @110# direction in the @100# growth plane.6,7,12 This
composition modulation produces an anisotropic strain and
causes an anisotropic valence band mixing. Therefore, we
expect the PL emission from the @100# plane to be polarized
along the @110# and @1¯10# directions.6 As expected, all
samples displayed stronger PL intensities when the analyzer
was oriented perpendicular to the @110# direction than when
oriented parallel. The polarization, which can be defined as2695Chen et al.
IP license or copyright; see http://apl.aip.org/about/rights_and_permissions
r5~ I'2I i)/(I'1I i), of all samples listed in Table I,
where I' or I i are the PL peak intensities with the polariza-
tion analyzer either perpendicular or parallel to the @110#
direction. The highest growth temperature displayed the larg-
est polarization anisotropy ratio. This is caused by a larger
composition modulation at the higher growth temperatures
which would create a larger anisotropy ratio. The varied sub-
strate temperature did affect the PL wavelength and intensity
as can be seen in Fig. 4. The LQWs grown at 520 °C exhib-
ited the strongest PL intensity, 40% stronger than the sample
grown at 500 °C and 50% stronger than the sample grown at
540 °C. It can also be seen that the PL wavelength increased
as the substrate temperature increased. This is also attributed
to the larger composition modulation within the LQWs. The
larger composition modulation corresponds to a higher In
composition in the GaxIn12xP LQW recombination regions
which causes a longer PL wavelength.
In conclusion, we have studied the influence of the sub-
strate misorientation on LQW formation using the SILO pro-
cess. At growth temperatures near 500 °C, we observed that
GaxIn12xP LQWs always form parallel to the @1¯10# direction
on GaAs on-axis @001# substrates, @001# substrates cut 2° off
toward @110# direction, and @001# substrates cut 2° off toward
@1¯10# direction. Even with varied substrate growth tempera-
tures, the LQWs still formed parallel to the @1¯10# direction.
FIG. 3. Plan-view transmission electron micrographs of ~GaP!2 /~InP!2
short-period superlattices forming lateral quantum wells. Samples were
grown at 540 °C.
TABLE I. Photoluminescence polarization values for lateral quantum wells
grown on on-axis, A-type ~2° tilted toward @110#!, and B-type ~2° tilted
toward @1¯10#! oriented substrates. Polarization is defined as r5 (I'
2I i)/(I'1I i), where I' or I i are the peak intensities of the photolumi-
nescence emission with the polarization analyzer either perpendicular or
parallel to the @110# direction.
500 °C 520 °C 540 °C
Type A 0.482 0.543 0.646
On axis 0.537 0.554 0.753
Type B 0.564 0.474 0.7222696 Appl. Phys. Lett., Vol. 66, No. 20, 15 May 1995
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP lThis is due to the island formation along the @1¯10# direction
during growth under a P-stabilized surface similar to the
model proposed for As-stabilized GaAs surfaces.11 An in-
crease in the LQW period was observed from samples grown
at higher growth temperatures. Samples grown at a substrate
temperature of 520 °C exhibited the strongest PL intensity
while a slight red shift was observed as the substrate tem-
perature increased.
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